ABSTRACT: Coral reefs are the most biodiverse of all marine ecosystems; however, very little is known about prokaryotic diversity in these systems. To address this issue, we sequenced over 1000 bacterial 16S rDNAs from 3 massive coral species (Montastraea franksi, Diploria strigosa, and Porites astreoides) in Panama and Bermuda. Analysis of only 14 coral samples yielded 430 distinct bacterial ribotypes. Statistical analyses suggest that additional sequencing would have resulted in a total of 6000 bacterial ribotypes. Half of the sequences shared < 93% identity to previously published 16S sequences, and therefore probably represent novel bacterial genera and species; this degree of novelty was substantially higher than that observed for other marine samples. Samples from the Panama corals were more diverse than those from Bermuda, paralleling diversity gradients seen in metazoans. The coral-bacteria associations were non-random. Different coral species had distinct bacterial communities, even when physically adjacent, while bacterial communities from the same coral species separated by time (~1 yr) or space (3000 km) were similar. Analysis of the branching coral Porites furcata showed that bacterial ribotypes can also be structured spatially within colonies. Therefore, corals and reefs represent landscapes of diverse, ecologically structured prokaryotic communities.
INTRODUCTION
Coral reefs are the most diverse of all marine ecosystems, although most of this diversity remains uncharacterized. Estimates of eukaryotic species richness range from 650 000 to over 9 million; however, these crude estimates are based upon extrapolation from insects in tropical rainforests (Reaka-Kudla 1997) and a partial count of organisms in a coral reef aquarium in Baltimore (Small et al. 1998) . Similarly, 2 recent analyses of biodiversity patterns were based primarily or exclusively on the numbers of corals and fishes (Bellwood & Hughes 2001 , Roberts et al. 2002 , organisms that represent only a small fraction of the total diversity on reefs.
Prokaryotes represent most of the diversity on the planet and are almost certainly the most diverse component of coral reef communities. However, prokaryotic members of coral reefs have largely been ignored in biodiversity analyses. Moreover, the cultureindependent techniques that have revolutionized our knowledge of planktonic marine bacteria (reviewed in Giovannoni & Rappe 2000) have not been employed systematically to study the bacteria living on coral reefs until recently , Frias-Lopez et al. 2002 .
Corals harbor diverse and abundant prokaryotic communities (DiSalvo & Gundersen 1971 , Sorokin 1973 , Mitchell & Chet 1975 , Ducklow & Mitchell 1979 , Pascal & Vacelet 1981 , Segel & Ducklow 1982 , Herndl & Velimirov 1986 , Paul et al. 1986 , Williams et al. 1987 , Shashar et al. 1994 , Ritchie & Smith 1995 , 1997 , Santavy 1995 , Kushmaro et al. 1996 , Santavy & Peters 1997 , Frias-Lopez et al. 2002 . Whether these communities are just passive associations with water column bacteria or if they are specific associations with ecological importance is in dispute. Ritchie & Smith (1997) used carbon source utilization patterns of bacteria cultured from the mucus layer (aka: mucopolysaccharide layer, MPSL; coral surface microlayer, CMS) to demonstrate that Caribbean coral species had unique, species-specific mucus-associated microbial communities. Rohwer et al. (2001) built upon this work and used a 16S rDNA culture-independent method (PCR and denaturing gradient gel electrophoresis, DGGE) to demonstrate that Montastraea franksi had a diverse bacterial community that was similar in 25 samples from 5 reefs, up to 10 km apart. Comparison of coralassociated and overlaying water column bacterial communities in this study showed that there is almost no overlap . Similarly, Frias-Lopez et al. (2002) and Durkin et al. (unpubl.) found the bacteria in overlaying water were not the same as those associated with corals. Santavy (1995) observed that Porites astreoides harbors a bacterial species, possibly Moraxella sp., that forms ovoids within P. astreoides and seems to participate in the normal life cycle of healthy corals. Other studies have shown that certain species of nitrogen-fixing bacteria are associated with corals and/or their skeletons (Williams et al. 1987 , Shashar et al. 1994 . Although these data support the hypothesis that corals harbor unique microbiota, inconsistencies across studies (Frias-Lopez et al. 2002 vs Rohwer et al. 2001 ) and across time (Durkin et al. unpubl.) raise many questions about the specificity and dynamics of associations between corals and bacteria.
Here, we analyzed the uncultured prokaryotic diversity of 3 coral species (Montastraea franksi, Diploria strigosa, and Porites astreoides) from 2 widely separated western Atlantic locations (Panama and Bermuda). Our results show that microbial diversity on corals is very high and some bacteria form speciesspecific associations with corals.
MATERIALS AND METHODS
Sampling. The sites sampled in this study were Whale Bone Bay, Bermuda (BER1), Hog Breaker Reef, Bermuda (BER2) and Bocas del Toro, Panama , PAN2, PAN4, and PAN5; Table 1 ). A punch and hammer were used to remove 1.3 cm diameter cores from the upper surfaces of 5 Montastraea franksi, 4 Diploria strigosa and 5 Porites astreoides colonies between 3 and 10 m in depth. The sampled corals were separated by distances of at least 10 m. However, 1 cluster of all 3 species (colonies separated by < 25 cm) was sampled in both Bermuda (BER1) and Panama (PAN5-00) in order to determine if proximity influenced the extent to which communities were similar. For P. furcata, large patches were selected haphazardly from PAN1 to PAN4 at depths of~3 m. In each patch, 1 central (In) and 1 peripheral (Out) branch was harvested. From each complete branch a ~1 cm 'Tip' (T) and 'Middle' (M) section was removed. All of the corals appeared disease-free at the time of sampling.
The samples were immediately placed in a plastic bag underwater. At the surface, each sample was washed twice with 0.2 µm filtered and autoclaved seawater to remove any loosely associated microbes and 2 Table 1 . Percentages of bacterial ribotypes and groups associated with samples from Porites astreoides, Diploria strigosa and Montastraea franksi, based on sequencing of 16S rDNA libraries (n = number of clones sequenced). The distribution of bacterial groups across coral species deviates significantly from random expectation based on the number of clones sequenced per species (χ 2 > 800, p < 0.001, 12 df; 3 coral species, 7 microbial groups); the largest excesses over random expectation are in bold. One sample of each coral species was collected from colonies separated by only 20 to 50 cm in both Bermuda (BER1) and Panama (PAN5-00 Amplification and sequencing. As described before , total DNA was prepared from the coral samples using the UltraClean Soil DNA Kit (Mo Bio) and subjected to PCR using primers specific to bacterial 16S rDNA (i.e. 27F and 1492R; Amann et al. 1995) . The resulting PCR products were cloned and inserts from the library were sequenced with the 27F primer. A total of 1178 sequences were obtained.
Sequence analysis. A Java program, called FastGroup (Seguritan & Rohwer 2001) , was written that (1) trims ambiguous bases (i.e. 'N') from the 5' end; and (2) trims all sequence extending 3' of the conserved position at 534. Using this trimming protocol, sequences of ~500 bp were obtained that contained the third hypervariable region (V3) of the bacterial 16S rDNA. After trimming, FastGroup compares each sequence to every other in the library and groups them according to user-defined parameters. For this manuscript, any two 16S rDNAs that were ≥ 97% identical with no gaps >2 bp were considered the same ribotype. Previously we have shown that this method of library construction and analysis yields results essentially the same as global alignments (Fig. 3 in Seguritan & Rohwer 2001) . Our 97% criterion follows the recommendations of numerous authors (Wayne et al. 1987 , Stackebrandt & Goebel 1994 , Hagström et al. 2000 . Although defining bacterial species based on rDNA similarity/identity remains controversial (Ward 1998) , it is the best available method for studies of microbial diversity based on sequence data. Our choice of a 97% criterion was conservative, because bacteria with essentially identical (i.e. > 99%) 16S rDNAs can be quite different in their genomes (Perna et al. 2001 ) and ecological niches (Moore et al. 1998) . Using a 99% criterion would increase the number of observed ribotypes by about 20%. Therefore, all estimates of diversity presented here are minimums.
To determine how many errors were introduced during cloning and sequencing, we produced a 16S rDNA library with E. coli genomic DNA and analyzed it using the same protocols. Thirty sequences from this library were globally aligned using ClustalX, and the number of gaps and miscalled bases was counted. A total 15 210 positions were investigated and 37 miscalled bases/gaps were observed, making the average PCR and sequencing error 0.243%. Since this error rate is much lower than the 3% we are allowing by describing a ribotype as 97% identical, the influence of PCR and sequencing errors on our results should be nil.
Richness estimation.
The true number of ribotypes represented by the libraries was estimated based on the occurrence of singlets and doublets using the Chao 2 estimator (S* 2 ; Chao 1984 , Colwell & Coddington 1994 . Chao 2 calculations only require data on the presence or absence of a particular ribotype in 2 samples. This makes Chao 2 more appropriate for this data set than other estimators that depend on the relative numbers of particular ribotypes (e.g. Chao 1), and thus would be affected by PCR biases and 16S rDNA copy number per cell.
Bacterial group assignment. To assign groups, the trimmed and dereplicated sequences were aligned using ClustalX (Thompson et al. 1994 (Thompson et al. , 1997 , and a Neighbor-Joining tree was constructed. The divisions were identified by including multiple representatives from all of the major microbial groups in the ClustalX alignment. These classifications were confirmed by BLASTN analyses (Altschul et al. 1990 , 1997 , Benson et al. 2000 to identify the closest hit in GenBank. In most cases, the BLASTN and ClustalX/Tree assignments agreed; when there was a conflict, the assignment made from the Neighbor-Joining tree was used. The 16S rDNA sequence from the chloroplast of the dinoflagellate Heterocapsa triquetra was also included in the alignment to show that the primers did not amplify plastid sequences from zooxanthellae. The 'other' category thus includes plastids from other organisms (perhaps cyanobacteria) and sequences whose placement was ambiguous (i.e. a conflict between BLAST results and Neighbor-Joining tree, and weakly supported position within the tree). The percentages in Table 1 represent the number of times that a particular 16S rDNA group appeared in the 16S rDNA library. Due to PCR bias and the various numbers of 16S rDNA copies per cell, the absolute abundance of any particular bacterial group must be interpreted with caution. We did, however, take 2 steps to reduce PCR bias. First, for each sample, 3 different concentrations of input DNA were used in the PCR and the lowest concentration that gave a signal was cloned and sequenced. Second, for each sample, 2 separate PCR libraries were made on different days; about 1/2 the clones actually sequenced came from each of the separate libraries.
T-RFLP analysis. Bacterial communities of Porites furcata were analyzed by T-RFLP of the 16S rDNA (Liu et al. 1997 , Moesender et al. 1999 . DNA prepared from the samples was subjected to PCR as described above. The 27F primer used in this PCR was labeled with 32 P-γATP using polynucleotide kinase. Primers and salts were removed from the PCR products using a Qiagen PCR clean-up kit. Five µl of the products were then cut with HaeIII and analyzed using denaturing 5% PAGE. The resulting gel was dried and exposed to film.
RESULTS
The 14 coral samples contained a total of 430 bacterial ribotypes (AF365440 to AF365869). The most abundant single ribotype was observed in 205 clones, but most sequences were observed in 10 clones or less (Fig. 1) . Although the absence of an asymptote in the species accumulation curve makes it difficult to accurately estimate the true number of bacterial ribotypes in these samples , statistical analysis using the Chao 2 estimator (Chao 1984 , Colwell & Coddington 1994 suggests that the combined libraries may have contained as many as 6000 distinct bacterial ribotypes in total. Panama had a significantly larger number of bacterial ribotypes relative to the number of clones sequenced than did Bermuda (Table 1 ; 265 ribotypes in 534 clones vs 187 ribotypes in 644 clones, respectively; χ 2 > 32, 1 df, p < 0.001). This suggests that global patterns of relative diversity found in coral reef metazoans (Roberts et al. 2002) may be paralleled by coral-associated prokaryotes.
Over 80% of the sequences exhibited < 97% identity to the nearest GenBank entry. To compare this level of novelty with other bacterial communities, we assembled 16S rDNA libraries from previously published data for coral-associated bacteria (Frias-Lopez et al. 2002) , marine snow (Rath et al. 1998) , coral reef waters and a random subset of marine GenBank sequences (Fig. 2) . Half of the coral-associated bacterial sequences in our library and 41% of the sequence in the Frias-Lopez library were < 93% identical to previously characterized 16S rDNAs. In contrast, the majority of sequences in the other libraries were > 93% identical to previously described 16S rDNAs. For the random marine and reef water libraries, the majority (74 and 84%, respectively) of the sequences were ≥ 97% identical to other 16S rDNAs in the database. Because the Reef Water library consisted of sequences from tropical areas, it does not appear that our finding of high novelty in the coral-associated bacterial community is due to warm water per se. None of the coral-associated bacterial 16S rDNAs belonged to the ubiquitous marine groups SAR11 and SAR116 (Giovannoni & Rappe 2000) .
On average, the most common identifiable groups found in these libraries (Table 1) were γ-proteobacteria (38%), followed by α-proteobacteria (17%), Bacillus/ Clostridium (BC; 13%), Cytophaga-Flavobacter/Flexibacter-Bacterioides (CFB; 13%) and cyanobacteria (6%); unidentifiable or other bacterial groups and plastids (not from zooxanthellae) accounted for the remaining 14% of the 16S rDNAs.
The abundance of different bacterial groups varied substantially across samples, and some of these bacterial groups were significantly more common in particular coral species (Table 1) . For example, the BC and CFB groups made up ≥ 50% of the bacterial 16S rDNA sequences in all 4 Diploria strigosa samples, but they never accounted for more than 25% of 16S rDNA sequences in the Porites astreoides and Montastraea franksi libraries. At a finer taxonomic level, the 5 M. franksi samples all contained large percentages of closely related α-proteobacteria. This finding confirms our earlier report of a specific α-proteobacterium ribotype on 25 M. franksi samples from Panama, which was identified using DGGE . Similarly, the microbial community associated with P. astreoides always contained a specific γ-proteobacterium ribotype (AF365457, PA1 in Table 1 ). We also observed a ribotype that was always associated with Porites furcata (PF1), much in the same way the PA1 was always associated with P. astreoides. Subsequent sequencing of this PF1 band showed that it is a γ-proteobacterium closely related to PA1 (data not shown). The specificity of associated prokaryotes was maintained even when corals of different species were located immediately adjacent to each other. Of the 94 bacterial ribotypes observed in the 3 adjacent Bermuda samples, only 1 was present on 2 of the 3 corals and none were present on all 3. Similarly, in the Panama samples, only 1 out of the 101 observed bacterial ribotypes was shared between samples from 2 adjacent colonies of different species.
Because most bacterial ribotypes were observed only once, we separately examined the distribution patterns of the 34 bacterial ribotypes that occurred in more than 1 coral sample. Twenty-nine of these occurred only on the same coral species, a proportion that is highly significantly different (χ 2 > 35, 1 df, p < 0.001) from what would be expected. This fact, combined with previous analyses of water samples above corals (Ritchie & Smith 1995 , Frias-Lopez et al. 2002 , strongly suggested that the observed patterns were not due to contamination by water column bacteria.
Bacterial ribotypes were also structured within some corals. The tips of Porites furcata harbored a specific ribotype (upper arrow, Fig. 3A ) that was absent from the mid-sections of the same branches.
DISCUSSION

Diversity of coral-associated bacteria
Metazoan biodiversity on coral reefs is higher than in any other marine environment. Our results indicate that bacterial richness associated with corals is also very high, with an estimated 6000 ribotypes in the 14 libraries. By comparison, using the same 97% criteria for grouping 16S rDNA sequences, there were only 1117 unique pelagic marine ribotypes in GenBank as of August 2001 (Hagström et al. 2002) .
Our results also suggest that most of the coral-associated bacteria are novel at the genus and species level. Half of the sequences shared < 93% identity to previously published 16S sequences (a commonly used criterion for proposing novel genera) and 35% of the sequences were < 97% identical (a commonly used criterion for proposing novel species). This degree of novelty was substantially higher than that observed for other marine samples and is consistent with the level of novelty found by Frias-Lopez et al. (2002) . This level of novelty will undoubtedly decline as more studies of coral-associated bacteria are carried out. It is striking, however, that there is essentially no overlap between the 16S rDNAs found in this study and those that have been reported previously , FriasLopez et al. 2002 .
One of our more intriguing findings was that the diversity of coral-associated bacteria appears to be higher in Panama than Bermuda, paralleling diversity gradients seen in metazoans. Although this difference was statistically significant, additional studies are required to confirm the generality of this trend. 
Do corals harbor specific microbiotas?
If bacteria routinely form species-specific associations with corals, it would be expected that such associations would be maintained over space and time. As shown in Table 1 , there is statistical evidence that coral-bacterial associations are so maintained. Most striking is the association of the γ-proteobacteria PA1 with Porites astreoides. We have now confirmed this finding in over 50 P. asteroides samples using specific PCR (data not shown). It remains to be determined if this ribotype comprised the bacteria in ovoids reported by Santavy (1995) . The finding that P. furcata also harbors a specific γ-proteobacteria (lower band, Fig. 3A ) that is closely related to PA1 suggests that this bacterial group may associated with Porites spp. generally.
Our data also indicate that there may be other groups of related bacteria that preferentially associate with other corals (Table 1) . We observed that a group of closely related α-proteobacteria (Silicibacter spp.) are associated with Montastraea franksi, which reconfirms our previous findings . At a broader taxonomic scale, CFB were more often associated with Diploria strigosa than other corals. Because D. strigosa is a very 'mucusy' coral and this group of bacteria is particularly adept at breaking down complex polysaccharides, the composition of the mucus may be responsible for recruitment of CFB. Similarly, the BC association with D. strigosa might suggest that these bacteria are involved in fermentative breakdown of polysaccharides when the coral goes anoxic during the evening (Carlton & Richardson 1995) .
Taken together our results strongly suggest that corals harbor specific microbiotas. Nevertheless, the bacterial community we found associated with healthy Diploria strigosa differs substantially from that reported by Frias-Lopez et al. (2002) . In particular, they did not find high concentrations of CFB and BC group bacteria. The reason for this difference is not clear at this time. It may be due to variations in 16S rDNA sequence acquisition protocols and analyses. For example, Frias-Lopez et al. (2002) used restriction analyses to dereplicate their 16S rDNA library before sequencing. This step would have biased their library toward rare ribotypes and would make the recorded percentages (e.g. Figs. 3, 4 & 5 in Frias-Lopez et al. 2002) non-representative of the community as a whole. Similarly, our method of picking and sequencing 16S rDNAs at random would bias our results toward common ribotypes with multiple copies of the ribosomal operon per genome. Both of our methods would have isolated bacteria from the gastral cavity, which is known to contain a large number of bacteria (Herndl & Velimirov 1985) . Future studies utilizing in situ hybridizations and direct counts will be needed to resolve these issues.
Potential roles of coral-associated bacteria
The prokaryotic diversity within a single coral colony is clearly much higher than that of the zooxanthellae (2 to 3 zooxanthellae species vs at least 30 bacterial ribotypes). Unlike the zooxanthellae, however, we do not have a clear picture of the ecological roles of these bacterial associates. The taxa that occurred in multiple clones and particularly multiple samples offer the best potential for beginning to elucidate roles. A phylogenetic analysis of these bacteria (Fig. 4) suggests many possibilities. For example, many of the coral-associated bacterial ribotypes are most closely related to known nitrogen fixers and antibiotic producers. Interestingly, 9 out of the 93 ribotypes that appear more than once are most closely related to proposed endosymbionts from both terrestrial and marine organisms.
In pelagic, oligotrophic waters, microbes sequester essential nutrients within the marine microbial loop (Azam et al. 1983) . By virtue of their high affinity transport systems and their large surface area to volume ratios, prokaryotes are much more efficient at scavenging nutrients at low concentrations than are eukaryotic cells (Geesey & Morita 1979 , Geesey 1982 , Nissen et al. 1984 , Suttle et al. 1990 ). Therefore, in nutrient-poor waters the prokaryotes will assimilate most of the limiting nutrients and limit primary production (Thingstad et al. 1998 , Behrenfeld & Kolber 1999 , Cavender-Bares et al. 2001 . Nutrient concentrations on coral reefs are low (Muscatine 1980 , Rahav et al. 1989 , Szmant et al. 1990 , Gast et al. 1998 , Gili & Coma 1998 , and therefore prokaryotes are probably assimilating most of the limiting nutrients. Indirect evidence for nutrient limitations on coral reefs comes from the observation that there is a low conversion rate of particulate and dissolved organic carbon (Ducklow 1990 ). Thus, corals may acquire necessary nutrients by harvesting microbes from the water column through mucus netting and indirectly via capture of Protozoa that graze on bacteria (DiSalvo 1971 , Sorokin 1973 , Ferrier-Pages et al. 1998 . In addition, corals may encourage the growth of microbes by secreting fixed carbon in the form of mucus and then feed upon them. Additionally, fixed nitrogen may be obtained from coral-associated microbes that are fed, protected and provided with an anaerobic environment in the coral colony (Williams et al. 1987 , Shashar et al. 1994 . Finally, specialized microbiota may be important for protecting the coral animal from pathogens by occupying entry niches and/or through the production of secondary metabolites (i.e. antibiotics). These possible roles are summarized in Fig. 5 Fig. 4 . Identity of bacterial ribotypes that appear more than once in the 16S rDNA libraries. The Neighbor-Joining tree was drawn from a ClustalX alignment. The divisions were identified by including multiple representatives from the major microbial groups in the original ClustalX alignment. The number of clones that each sequence represented is shown (Seq), as well as the number of coral colonies (Col), the location (Loc; P = Panama, B = Bermuda) and coral species that the ribotype appeared on (Coral; M = Montastraea franksi, D = Diploria strigosa, P = Porites astreoides). The closest named hit identified by a BLASTN search of GenBank is also shown. For the non-plastid/mitochondrial sequences, an asterisk indicates that the top hit was to an uncultured bacterium; in these cases the closest named bacterium was listed
Coral microbiotas and disease
Caribbean reefs have recently been decimated to an unprecedented extent by disease (Goreau et al. 1998 , Richardson 1998 , Harvell et al. 1999 , Green & Bruckner 2000 . Microbiologists have consequently turned their attention to potential pathogens of corals (reviewed in Richardson 1998) . However, the limited number studies of the normal bacterial associates of healthy corals (Santavy 1995 , Ritchie & Smith 1995 , Frias-Lopez et al. 2002 undermines our ability to understand the changes associated with disease.
An important implication of the model presented in Fig. 5 is that disrupting any 1 of these components may cause physiological changes that result in coral disease or death. The threats to coral reefs worldwide give new urgency to understanding the nature of the relationships between healthy corals and their associated prokaryotes. Characterizing these organisms and documenting their patterns of distribution, as we have begun to do here, is an essential first step. The holobiont would also include fungi (Bentis et al. 2000) , Protozoa (Toller et al. 2001) , endolithic algae (Odum & Odum 1955 , Shashar et al. 1997 , Bentis et al. 2000 and unknown components that have yet to be studied
